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ON CAMERON AND STORVICK’S
OPERATOR VALUED FUNCTION SPACE INTEGRAL

Katsuo TAKANO

In this paper ‘“the probability density of path space” is
introduced by the formula

cwy=-L [ exp(—iun L |ne
pituw=5= [ exp(-iun—%Inl)dn,  (@>0)

If a =2 and A >0, p5(t, u) is the normal probability density.
But if @ > 2 this density can not be considered as a probability
density. By this generalization, one can generalize the operator
valued function space integral based on the Wiener integral.

Introduction. Cameron and Storvick introduced the operator
valued function space integral in [1]. Johnson and Skoug [9] developed
Cameron and Storvick’s theory and improved the results obtained in
[1]. To make the arguments in the following sections comprehensible,
we will quote the operators I{(F) and I3°(F) from [1], which played an
important role in [1], [9]. Let B[a, b] denote the space of real valued
functions on an interval [a, b] which are continuous except for a finite
number of finite jump discontinuities. Let F(x) be a functional on
Bla,b] and ¢ € Ly(— o, ), £ €(—,©). Then for ReA >0 and any
partition o: a = t, < t,<---<t, = b, the operator I{(F) is defined by the
formula

TEWE =1 TCry6=a) =)™ [ m [ pw)

(0.1)

n

£, (& v1y -+, 0.) €Xp <—2 A%:—:l_—_:)l) dv, - dv,

j=1

where Vg — §, fa(& Uy o0y vn) = F[Z(O', ga Uy, " "y Upy .)]’

v] lf ti§t<tj+17 ].=0717.°'7n—1,

z("’g’””""”"’t)={v if r=b

and where if n is odd we always choose A"? with nonnegative real
part. Here f (n) f means the n-fold integral. If A >0, by using the
Wiener integral, this can be written as
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EEWO= [ FO5+ w7 x(b)+ £)ds

where
x(4-) if t,=t<y,
x,(t)=
x(b) if t=b

As an example important in quantum theory, the functional

F(x)=exp { f a(s, x(s))ds}

is discussed in [1], [9]. In this case f, (& vy, - -+, v,) is given by

exp {2 Jﬂi 0(s, vj_l)ds}.
j= ti—1

Let us denote max{t —¢_,} by norm o or |o|. For ReA >0 the
operator I3°(F) is defined by

0.2) I5<(F) = w Jim I3(F),

where w lim refers to the limit with respect to the weak operator
topology. [1] proved that for a class of functionals F, Is°(F) exists by
using the Wiener integral, and furthermore that I5°(F) converges in the
weak operator topology as A =p—ig— +0—ig for almost all
q#0. [9] proved that for a class of functionals F, I°(F) exists as the
strong operator limit, and furthermore that I¥(F) converges in the
strong operator topology as A = p — ig — + 0 — iq for all q# 0 by using
the analytic continuation of the Wiener integral. In this paper we
introduce the following operator from L, to L, in §2 corresponding to
0.1),

@ ENE= [ - v-Odo [ pit=t,0, - v)do]

st f p:(tn - tn—l, vn - vn—l)‘ll(vn)fa(vh UZ, R vn)dvm

for ReA =0, A#0. We note that if ReA >0, pi(t, u) and p3(t,u) are
especially given by
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)=+ A
p/\(t’u) T t2+(Au)2’
A 172 Au2
0.3 2 = (- _Aw
©3) pi(tu) <4m) exp ( 4t )
respectively.

In general p5(t, u) is given by the formula

©

04) prtu) =5

-

exp (— iun = [ n|*)dn

for a>0, t>0 and ReA >0. [1]-[3] and [6]-[10] used only
(0.3). Even by this generalization we can also show that for a class of
functionals F, #3?(F) converges in the strong operator topology as norm
o — 0. Furthermore we can show that the same integral equation as in
[1] [9] holds.

1. Stable density and semigroup. The stable density of
exponent «a is

@

1 .
(1.1) p‘l‘(t,u)=ﬁf exp (— ium —t|n[*)dn

—o

where 0<a =2, 0<t<x. cf. [12].
It is well-known that (1.1) satisfies the Chapman and Kolmogorov
equation, that is, when A =1

(12) piG+su)= [ piGsu=ypscy)dy

If we consider p5(t, u) in the operator’s sense in the Hilbert space L,,
(1.2) holds for ReA >0. We shall denote the Fourier transform of
f € L, by Uf and the inverse Fourier transform by U*f, that is,

@ UN)=Cm ™ [~ exp(~ipn)f()as,

®) U =@y [ expliyn)f(aya,

where (y) denotes the so-called limit in the mean.
In what follows, let us assume that a > 0.
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Let
a3 @ONe =U* (e (-1 1€1) WH©) 0,

where fE L, and A €D ={A: ReX =0, A #0}.
THEOREM 1.1. {P5(t): t Z 0} is a strongly continuous semigroup of
contraction operators on L,. Furthermore P5(t) is also strongly continuous

with respect to A on D.

This follows from the fact that the Fourier transformation is a
unitary operator on L,.

LEMMA 1.1. Let ReA >0 and t >0. Then

ps(t,-) is Ly-integrable,
Ips(tu)| = M(a, t,A) <o,

and p5(t,u) is continuous in t, A and u.

Proof. Let ReA >0. Then

dn.

exp (— Inl°)

Let t/A = & — iy, (6 >0). We obtain

psGwl=gs [

P2 w)l=5= [ exp(=slnlydn =+ [ exp(~on)dn

~oo

1 s -
=~ B5T(B) <,

where B = 1/a and I'(B) is the gamma function. On using the Domi-
nated Convergence Theorem, we can show that p5(¢, u) is continuous in
t, A and u. From the above proof, clearly it holds that

(1.4) Qm) " exp <—-/£ [n ]") €L, p=12-).

We may write (0.4) as

(15) P2y = U @myexp (=5 1-17) | @)
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Since the Fourier transformation is a unitary operator on L,, p5(t, u) is
L,-integrable in u.

Lemma 1.2. Let ReA >0 and t>0. Then p5(t,-) is L,
integrable.

Proof. Let

f©=@mymexp (- l€F).

The derivative of f(¢§) is

F©=@mymexp (~£1el) (—%16) asent

where

(=1 if ¢<0,
Sgnf‘{ 1 if £>0.

Then since f is absolutely continuous on each bounded interval and f' is
absolutely integrable, it holds that (Uf’)(¢) = i€ (Uf)(¢). Therefore in
order to show that Uf is L,-integrable, by [13. 12.42. p. 382], it is
sufficient to show that Uf' € L,(1, + «) and (Uf’)(—-) € L,(1, + ) since
1/6 € L,(1,+ ), where 1/p+1/q =1, p,q>1. With respect to f', it
holds that

t

fm If'(&)|Pdé =2QRm) PPar™! N ’pJ‘w T VP exp (— 8pr)dr,
o 0

where 1/a =B and Re(t/A)=8. Hence f' is L,-integrable if
(B—1)(1-p)> —1holds. For afixed a, there always exists a number p
in the interval (1,2] such that (8 —1)(1-p)> —1. Therefore we can
consider that f' is L,-integrable for some p(>1). When f' is L,-
integrable, by using [14. Theorem (3.2) p. 254], we obtain that

a

Fea)=@ny" [  exp(-ig0)f(x)ds

—a

converges in mean with exponent q as a — . Since f’ is L;-integrable,
F (¢, a) also converges for all ¢ as a —> . Then it follows from [13. 12.5
12.51] that the pointwise limit is equal to the limit in mean with exponent
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q for almost all £ Therefore Uf' is L,-integrable, hence (Uf')(¢) and
(Uf")(— ¢) are in L,(1, + ).

LEmMMA 1.3. Let ReA >0 and t >0. Then for fEL,

[" pstu—y)pudu

is L,-integrable and continuous in y.

Proof. Let us put

gy)= f ps(tu—y)f(u)du.

By Lemma 1.1 and the Schwartz inequality, we have

80 -gtv+WISIA [ 1p3Gu - W= piu—y—h)fau]

Hence from [13. 19. p. 397], it follows that g(y) is continuous in y.
It holds that

lsl= [~ ([ Iptex—wllfa) ([ 156 u=y)llfe)]du) dy

—o

=f f f Ips(tx = y)|Ips(t u—y)[f(x)]|f(u)| dudxdy.

Let us make a change of variables, x =x,x —y =z, u —y =v. Then we
have

a(x,y,u)_
a(x,v,z) ’

Hence we obtain by Lemma 1.2 that

leb=[" [ [ Ipsalipseo)ifollfo +x - 2)| dedvdz
=[fFllps (s,

where | - ||, denotes L,-norm.

(1.6)

THEOREM 1.2. Let ReA >0 and t >0. Then for fEL,
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a7 PxONO)= [ p2lu=y)fw)du

Proof. Case 1. Let fEL,NL, Then Uf€L, By this and
(1.4), we can change the order of integration of (1.3) by the Fubini
Theorem, therefore it follows from this fact that

P:0HW)= [ piu=y)fGdu

Case II. Let f€ L,. Then we put

Since f, € L, N L,, it holds that

PO = [ P2 = y)fw)d

and
IP()f - Pi(Oful|=llf. — fll>0 as n—ocw
Let us put
8= [ pitu=y)f(du
and

80)= [ p3tou—y)fw)du
We obtain the following by using the inequality (1.6),
lg —gll=dlf-fll>0 as n—ce
Therefore (1.7) holds.

CoroLLARY 1.1. Let q be a nonzero real number and let

s 12 -
pux)= (7L) exp (- 31 27).



568 KATSUO TAKANO

Then for fE L,

FLONO= [ Pl u=y)du

Proof. Let ReA >0 and f€ L,. We see that

) [
” . p%q(f’““')f(“)du—(Pziq(t)f)(')“

= “ MJ'; pl(tu—)f(u)du - f_w pit u—)f(u)du
HIPADH ()= (PN ()| =0 as A —ig,

by Theorem 1.1, Theorem 1.2 and the proof of Theorem in [6. p. 778].

Note 1.1. From the assertion of Theorem 1.2, for convenience, we
write (P5(¢)f)(y) as

(1) [ pite =y du

even if A = iq, where g is a nonzero real number. In what follows, we
always use the notation (1.8) instead of P5(¢)f for A € D.

LEMMA 1.4. Let t>0. Then |p5(t-)| and ||p5(t, )|, are con-
tinuous functions of A on C*={A: Re A >0}.

Proof. By (1.5) we have

2

dn.

em(-flnl“)

Therefore |p5(t, )| is continuous in A. From (1.5) and the proof of
Lemma 1.2, and using f as defined there we have

[ iseerde=5- [

[ s erde= [ iwp@ide+ [ 3w el ae

(19) :
S CAICHIES

The first term is continuous in A. By [14. Theorem (3.2), p. 254] it holds
that



OPERATOR-VALUED FUNCTION SPACE INTEGRAL 569

fl U )] €de = ( f ) g-vdg)”” QJUfl, = K|If,

where let p satisfy the inequalities (8 —1)(1-p)>—-1and 1<p =2,
and K is constant. By replacing f in the above by

h(§A,AL) = 2m) " exp <-A—+IA—; lff“)—eXp <—;\t-lfl“>,

we can show that the second term of (1.9) is continuous in A. The above
argument can be applicable to the third term of (1.9). Therefore the left
side of (1.9) is continuous in A.

2. Definition of operator valued function space
integral. Let C[a, b] denote the space of real valued right continuous
functions defined on the interval [a,b] and Cy[a,b] denote those
x € Cla, b] such that x(a)=0. Let o be any partition of [a, b], o
a=t<t<---<t,=b. For any x € Cla, b}, let x,(t)=x(t)if t_, <
t=t, and x,(a)=x(a). Let F(x) be a bounded functional defined on
Bla,b]. We suppose that F(x,) has the form

2.1 F(x)=f(x(t), x(22), -, x(8)),  (x € C[a, b))

where f, (v, 02, -+, v,) is a bounded Borel function on R" and that for
each A € D the operator #5°(F) on L, can be defined by

F WO = [ pr-av-odo, [ ptlt-1,0.-v)d,
2.2)

Tt f_ P:(b - tn—-l, vn - Dn~l)fa(vla v23 o %y Dn)w(vn)dvm
where ¢ € L,.

DeriniTION 2.1, If %$7(F) converges in the weak operator topol-
ogy as norm o tends to 0 for A € D, we denote its limit by &% (F) and for
the moment we call &4 (F) the operator valued function space integral
of F.

We should note from (0.3) that if Re A >0, (2.2) corresponds to (0.2)
except the fact that f, in (0.2) has the variable v,. To compare the
operator valued function space integral with the Wiener integral, it is
convenient to use the following notations;
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FEWEO= [ Fx+Opxb)+ Odpi(x)

for (2.2) and
FEWO =] Fa+obxb)+ Odpi )

LEMMA 2.1. Let F(x) be a factorable functional given by

F(x)= filx(s)fu(x(s2) - fu (X(50)), @ <s<---<s,=b,

where f,(v) are bounded Borel functions. Then for A € D, ¥ (F)¢
converges to

FEWE = [ pi(si- a0~ Ofi (oo,
2.3)
7 P 00 = 00 D B (0,

in the norm topology as norm o — 0, where < L,.

Proof. Let o be any partition of [a,b], 0:a=t, <, <---<t, =
b. Clearly F(x,) can be expressed as

F(x,) = fi(x (to))fa(x (£) - - - fm (x (D))

where t,;-,<s =t Then
(F(F)) (€)= f_ pi(ti— a, v,— €)dv, f_ pi(t— t, v,— vy)dv,

2.4) e ‘f_ pi(b — iy, v = V) fi(v)fa(vi)
o (0a) ¥ (va)dvn,
Here %¢°(F) is a well-defined operator on L, for each A € D. By the

semigroup property of Theorem 1.1 and Note 1.1, we obtain when norm
o< Min {S, - Si—l}

# (EW)©)= [ il av.- O (w)dv,

: f_i P = tim-1 Vn = Um-1)fon (0w ) (V) AV,
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Since t,,, converge to s, (j =1,2,---,m) as norm o — 0, by using the
strong continuity of semigroup of Theorem 1.1 and the boundedness of f,
it follows that F{°(F)y — F5(F)y in the L,-norm topology as norm
o—0 for A €D.

LemMaA 2.2.  If Fis a functional to which &4 applies, then #5(F) is a
linear operator defined on a linear manifold M of functions . Moreover
the operator valued integral ¥ is linear in the sense that if the linear
operators ¥5(F) and %5(G) are defined on the same manifold I, then
F5(c\F + ¢;G) is defined on I for each pair of complex numbers c,, c,,
and

(2.5) Fi(eiF +6,G)= ¢, F5(F)+ ;%5 (G).

In particular, if F and G satisfy the hypotheses of Lemma 2.1, &5 (c,F +
¢,G) maps L, into L, and satisfies (2.5).

Proof. For each fixed o, we note from (2.1) that f, depends linearly
on F, and hence it follows from (2.2) that (¥5°(F)¢)(¢) depends linearly
on F as well as on . Hence the lemma follows from Definition 2.1 and
the linearity of the weak limit and Lemma 2.1.

Note 2.1. If ReA >0, by Lemma 1.1, Lemma 1.2 and the Fubini
Theorem, we can write (2.3), (2.4) for all £ € R as follows

FEWO= [ ) [ fi@) )b (00551 0= §)
o pi(b = Smoty Um — Upy)dvy - - - AU,
F ENO=[ 0 few e
‘piti—a,v,— &) - pi(b—t_, v, —v,.)dv, - - - dv,.

3. The operator valued function space integral of a
product integral. Let us consider the following functional,

m b
(3.1) Fx)=]] f 6,(s, x(s))ds,
=1 a
where
(3.2) 6,(s,u) are Borel measurable functions on [a, b] X R, and

(3.3) [6,(s,u)|=M, <o, G=12,---,m).



572 KATSUO TAKANO

Lemma 3.1. Let F(x) be a functional given by (3.1), (3.2) and
(3.3). Then for each  in L,, F5°(F) is a strongly continuous function of
A on D and analytic in C”.

Proof. For a partition o:t,=a<t,<---<t,=b and any
x € C[a, b], we have

F(xtr) = J’ab (m)fab 01(51, xo-(s1)) 0, (Sm, XU(S,,, ))d81 <o dsp.

Since x,(s)=x(t) if t,_,<s =t, and x,(a)= x(a), it holds that

f " 6,(s, %, (s))ds = f " 0(s, x(t))ds + -+ f " 0(s, x(8,))ds.

Let us denote

J" 0,(s,v)ds

by ¢i(v). Then we have

n

(3.4 F(x,)= i to 1 (X (L)) - -+ D Tom (X (tiem)))-

i(h=1 i(m)=

Since ¢/ (v) are bounded Borel measurable functions on R, we can define
the following operator on L, for each A € D,

Ks W)@ = [ - a0.-Odv, [ p2te=t, - 0)doy -

: f~w Pi(t = taoy, Uy — Uur) @iy (Viry)
“ @ (Vim) ¥ (va)dv,,

where ¢ € L,. As we have stated in the proof of Lemma 2.2, it holds
that

n

63) (FEWE)= 3 - S (KIEW)E),

=1 i(m)=1

and by the boundedness of 6, it holds that

(3.6) | KS(F)Y |l = Mi(tioy = tigy-1) * * * Mo (timy = iomy-1) |0 |-
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By using the boundedness of ¢!(v) and Theorem 1.1, we can show that
K3 (F)y is strongly continuous in A on D. Therefore 57 (F)y is a
continuous function of A on D. Next we wish to show that K¥(F)¢ is an
analytic function of A in C* for a fixed ¢y € L,. Let g(A)=(K{(F)¢, ¢),
¢ € L,. Aswe have shown above, since g(A) is a continuous function of
A on D, we show that

fr g(A)dr =0

for triangular path I" in C*. Then by Morera’s Theorem, g(A) is the
analytic function on C*. We can consider the ordered integration of
K3 (F)¢ as an n-fold Lebesgue integral by Lemma 1.1 and Lemma 1.2
since A is in C*. It holds that

[ sma=[ s@[[ ®imwy©a |

since ¢ (¢) - (K (F)y) (&) is integrable with respect to A, £ over I' X R by
the Schwartz inequality and (3.6). Moreover by Lemma 1.1, Lemma 1.2
and Lemma 1.4

(37) lw(vn)Hpi(tl— a, Ul—‘f)' ’ 'p:(tn b1, Uy — Un—l)'

is integrable with respect to v, - - -, v,, A over R" X I, therefore by using
the Fubini Theorem,

fr (KS(F))dA = f (n)f_: UF ps(ti— a,v,~ &)
Pt 0~ v )
(V) DT (Viem)P (va)dL; - - - dv,.
By (0.4) it holds that

i [T pa(t — -, v, — v1)dA = 0.
=1

Therefore we obtain

fr g(A)dA =0.
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Let us put
S(T)={(s;, ", 5.)E(a, b)": a < 5,0,<""* < Sym)< b}.
Here 7 means a permutation of {1,2,---,m} and (s;, -, s.) € S(7)

means that (s, -, s,) satisfies the order relation a < s,y <--- < S;(m
<b.

THEOREM 3.1. Let F(x) be a functional given by (3.1), (3.2) and
(3.3). Then for A € D, F5°(F)y{ converges to

(FZ(E)W) ()

= Z (B)Lm (m)f [f_i pi(s.y— a, v1— €)6.4)(5.q), v1)dv;
(3.8)

ce J' P‘A’(Sfm) — Sim-1)» Um — vm—l)O‘r(m)(sT(m)’ U )dvm

. J’_ Pi(b ~ Sr(m)s Um+1— Um)¢(0m+l)dvm+l] dSl e dSm

in the norm topology as norm o — 0, where y € L, and the sum is taken
over all m! permutations 7 of {1,2,---, m} and (B) denotes the Bochner
integral with respect to Lebesgue measure on S(t). Furthermore

(39 1F2(F)|= (b - a)"M,M,- - - M,
Proof. Let A be in C*. For all { €ER, (3.7) is integrable with

respect to vy, - -+, v, over R". By this fact, we can change the order of
integration of K{(F)y by the Fubini Theorem, hence we obtain

(KS(F)y)(€)
(3.10)

=J’lau, (m) om) (HS (51, +, So )W) (€)ds, + + + dSp,

(1)1 tigm)—1

where

Hi(ss o500 = [ pih=a 0= o, [ ps(t= 1, 0= v)dv,

che f_ P:(tn — b1, U — Un—x)el(sl, vi(l))' ** O (Smy vi(m))'«/’(vn)dvn'
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From (3.5) and (3.10) we see that
(F3(F)(§)
- om) [ s s, [ prti- a0 oo,

f P‘;(tz — 1, 0, — Ul)dvz
(3.11)
[ ps =t = 0 DT 865, Vals (00

=Ef : (m)f U p‘i(tl-a,vl—f)dvlf pi(t.— 1, v, — v;)dv,
T S(r — —o
o 'f p:(tn b1, U — v"—l) n 0] (S]’ VU(Si))l/I(U")dvn] dsl e dsms
— 1=1

where V, (s)=v if t_,<s=t.
By rearranging the product 6,(s;, V,(s1)) - * 0 (Sm, V,(5.)) of the last
member of (3.11) as

07(1)(51(1), Vcr(sf(l))) : 07(2)(57(2), V., (Sr(z))) Tt ef(m)(&(m), V, (Sf(m)))

since (s;, "+, $» ) € S(7), (3.11) can be expressed in the following form,

(F(F)Y)(€)
(3.12)
= f (m)f (H3. (51, ", S)¥)(€)ds, - - - dsp,
T JS(r)
where
(HK,,(SI, T s'n)ll’)(g)
Ef pi(ti—a,v,— §)dv1f pi(t,— t, v,— v))dv,- - -
(3.13)

f Pty — tai, Un — 0am) 0. 0)(Srayy Vo (i) <

* 01.(,,,)(8,(,,‘), V,,(S,(m)))lll(v,,)dv,,, (Sl, Tty s,,,)E S(T).

Now we prove that (3.13) is Bochner integrable over S(7). In order
to show this, it suffices to show that
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(1) Hf.(s1," ", S»)¢ is strongly measurable in (s, - - -, s,,) on S(7),

) fsm (m)fHH‘I,T(slw--,sm)wlldslmdsm<oo,

Clearly it follows from Theorem 1.1 and (3.3) that

(a) ”Hir(sly o ',Sm)dluéMl' M, ”(J/”,

for almost all (s,,- -, s,) € S(7).

In order to prove (1), it suffices to prove by [5. Corollary 2. p. 73] that
H3.(s;, -+, s,)¢ is weakly nmeasurable on S(r), that is
(H3.(s1,° " ", S»)¥, ¢) is measurable in (s, --,s,) for o EL,. If ¢ €
LN L, from Lemma 1.1, Lemma 1.2 and the boundedness of 6,

0® [T 05 Vel | b 0p3 (- 0.0, )

e p‘;(tn - tn—l, vn - U,,..])

is integrable with respect to the variables s,, -, s,, & v, ", v, over
S(r)X R™'. Therefore it follows from the Fubini Theorem that
(H3.(s1,* " *, Sw )¥, @) is measurable in (s;, - -+, s,,) on S(7). If ¢ € L,, let
us put

_[e(x) if [x|=N,
‘*’”(")’{ 0 if |x|>N
Then since ||¢n — @ || >0 as N —, it holds by (a) that for almost all
(51, +, 8w ) € S(7),
(Hir(sb T Sm)(l" ‘pN)_)(Hﬁ:‘r(sh ) sm)‘!’a qp) as N—o.
By the fact that (H{,(s), -, s.)¥, on) is measurable in (s, -, S,),
(HS,(s1,+ "+, 8a)¥, @) is also measurable with respect to the variables
$,°**, S, on S(r). Furthermore |H¢,(sy," -, s,)¢¥| is measurable on

S(7) by [5. Theorem 3.5.2] since L, is separable. Therefore by (a), (2)
holds. Hence we see that

(b) H3.(sy, ", sm)¥ is Bochner integrable over S(7) if A € C".

Next we wish to prove that HY, (s, -, s.)¢¥ is also Bochner
integrable over S(r) even if A= —ig (q is a nonzero real
number). Here we should note that for A = — ig, (3.13) is well-defined

for almost all (s, - -, s,) € S(7) by the boundedness of 6. In order to
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prove the Bochner integrability, by (a), (b) and [5. Theorem 3.7.9] it
suffices to prove that for almost all (s,," -, s.) € S(7),

(315) ”HL(SD Y sm)dl - Hziq,r(sl’ T Sm )dj”_>0

as A — —ig. By using the boundedness of 6, and Theorem 1.1, we can
see that (3.15) holds for almost all (s,, - - -, s, ) € S(7). Hence we have

(c) HZ,A(s1," -, s»)¢¥ is Bochner integrable over'S('r),

d) [HAsi, - s)U| =M~ M, ||
5n) € S(7).

|, for almost all (si,---,

Furthermore, by using the Dominated Convergence Theorem ([5.
Theorem 3.7.9] we obtain

lim (B) (m)f HS . (51, -, Sp)ds, - - - ds,,
)

A——iq S(

(3.16)
= (B)J;(T) (m)J' H?, (81, Sy )ds, - - - ds,.

Let ¢ €L, and A € C*. Then [ (&)(HS. (51, Sn)¥)(£)] is in-
tegrable over S(7) X R by (a). Hence by using the Fubini Theorem and
[5. Theorem 3.7.12 and the remark following], we have .

fx 5(_5)“5(7) (m)j(Hir(sla'",Sm)l//)(tf)dsl"'dsm]dg

—%

o

:L W@[(B)Lm (m)f (Hi'.7(51,"‘,s,,,)111)(§)ds,--‘ds,,,]dg,

From this fact, it follows that for A € C*

f (m)f H(Ay.‘r(sb'.'7sm)¢dsl"'dsm
S(r)
(3.17)

= (B)Lm (m)f HS. (51, -, Sp)¥ds, - - - ds,,.

From (3.12) and (3.17) we have

Fo(F)y = Z (B)fs(r) (m)f HS,(s1,- "+, Sa)¥ds; - - - ds,,
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for A € C*. From this equality, by using (3.16) and Lemma 3.1, we
obtain

618 F5 P =) )| Hilsn-o-,su)uds, - ds,

for every A € D.

Now we show that (3.18) converges to (3.8) in the L,-norm topology
as norm o — 0. For almost all (s, -, s,,) € S(7), it follows from (3.13)
that

(HCA,.T(SI’ Y Sm)d’)(f) = J:i p‘;(tl —a,v;— f)dul U

(3.19) . f Pi(t, = tact, U — 0a1) 0 0y(Seqryy Orry) -
: er(m)(s’r(m)’ vr(m))dl(vn)dvm

where let t,,<s, =t,. By the same argument as in the proof of
Lemma 2.1, for almost all (s, -, s,) € S(7), (3.19) converges to

I7(sl’ T SM)d’)(g)

EJ' P (8:0y— @, 1= £)0.1(S:qp V1)dV; - - -

—

(3.20)
'f p‘;(s‘r(m) - s‘r(mvl)7 Um - Um—])or(m)(sr(m)a vm )dvm

—x

f P5(b = Semys Vmst = U )Y (V1) A0y

—x

in the norm topology as norm o — 0. From this fact and from (a), (b),
(¢), (d) and from [5. Theorem 3.7.9], it follows that

(6) ”IT(SI’ T Sm)llf|l§ M,---M, ”lP”,
for almost all (s, -+, s.) € S(7),

(f) L(s,---, s.)¥ is also Bochner integrable over S(7), further-
more

F(F)y — E (B)L(T) (m)f L(sy,-" -, S,)¢ds,---ds,

in the norm topology as norm o — 0 for each A € D.
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Now we prove (3.9). From (e) and [5. Theorem 3.716], it follows
that

1F5EWI=S [ o) [ LG5 sl ds, - ds.
D VRN VA 1 B (RS YA A 1]
Therefore we have
|F5(F)|=(b-a)"M,---M,.

CoroLLARY 3.1. Let 6(t,u)=0,(t,u)="---=6,(t,u) in Theorem
3.1. Then for A € D

(FL(F))(€)

=mi(B)[ (m)f U e (si— @, v, — £)0(s, v,)do,

(3.21)
.. f P5(Sm = Smots Um = Un-1)0(Sms Um )dV,
.f p‘:(b = Sms Um+1 ™ v’")d](vm*’l)dvnﬂfl] dsl T dsma
where
Se(a,b)={(s, " ",sm)E(a,b)":a<s <s,<- -5, <b}
and y € L,.

Note 3.1. Let us denote the right side of (3.21) by
m! #5(F)y. For convenience, we use a notation #5(F) in place of
F5(F) when F(x)=1.

4. The operator valued function space integral of
F(x)=2,.F,(x).

Let us denote the set of all the functionals satisfying (3.1), (3.2) and
(3.3) by A, and let us introduce the quantity
4.1 Ny(F)=(b—-a)"M,---M,,

where let F satisfy (3.1), (3.2) and (3.3).
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Let
A E{F(x)= > Fu(x): F.€A, and Y NO(F,,,)<oo}.

THEOREM 4.1. Let F be in A and let F(x)=Z;,_, F,.(x). Then for
AE D, F3°(F)Y converges to F5(F)y =2, ., F5(F,)¥ in the norm
topology as norm o — 0, where € L,.

Furthermore

@2) IZ3EW = 3 NlED v

NoTtE 4.1. We do not assume that F determines F}, F5, - - - uniquely
or that F,, determines Ny(F,, ) uniquely; but we assert that (4.2) holds for
any choice of F, F,, - whose sum is F, where each F, satisfies (3.1),
(3.2), (3.3), (4.1) with the m in those equations corresponding to the
subscript of F,.

Proof. Let
m b
F,.(x)= H 07 (s, x(s))ds,
j=1 Ja

where each 67 is bounded and Borel measurable in [a, b] X R; let o be
any partition a = t, <, <---<t, = b; and let
o= [ 076 v)as

ti—1

Then we have formally that
@ EN© = [ pi-ao-odo [ pit =t -u)
() 3 Fu(V)do,
where € L, and by (3.4)

F.(V,)= 2": T i O (Vi) - B (Viemy)-

ih=1 i(m)=1

If necessary, by multiplying by additional functions which are identically
1, we can write F, (V,) as



OPERATOR-VALUED FUNCTION SPACE INTEGRAL 581
F.(V,)
4.3)
n n
= e > Ty ) @iy B D),
n=1 m=1

where notation §; is made use of instead of i(j).
From the fact that F,(x) is in A,, it is clear that for almost all
Uy, "t 55 Uy

Zl e 2 |(P'1"(i1,"',im: Ul)"'ﬁo':(ila."’im: vn)l

Im=1

4.4)
= No(F,,), (m=12,---).

From (4.4), we have for almost all v,,---, v,

S (S S ottt o0 o3t o)

4.5)

Now we will prove that

(4.6) f pi(b =t 1, v~ v,,_l)L//(v,,);: F,.(V,)do,

is L,-integrable with respect to v,-, for almost all v,,- -+, v,,. By Note
1.1 and (4.3), (4.6) is

Us, {eXp (—b—_#lvn l“) U, [1/1(17)2:1 1 mZ1 @7y im V1)
(4.7) "
el et Uan)@ R (B n)] (vn)} (Va-1),

where we use the notations (U,f)(y) and (U%f)(y) in place of (a), (b) in
§1. We wish to prove that

U, [tﬂ(n)zl Z,l Zl @7,y im Uy)

(4.8)
@’:—l(ila Y im: vn—l)‘P’:(ih Y im: 77)] (U,.)

is L,-integrable with respect to v, for almost every v,,-- -, v,_,, that is,
(4.8) is well-defined.



582 KATSUO TAKANO

Let
_[¥(x) if |[x|=N,
"’N(")‘{o it |x|>N
Since

tPN(n)E 2 Z QT im: ) @ (i, i Un-1)

m=1 i1= im=1
"‘P':(lla Y lm: 77)

is L,-integrable with respect to n by (4.5) for almost all v,,- -+, v,_;, we
have for each v, and for almost every v, -, v,

@)= U, [ S 3 3 ot 0)

m=1 i im=1

) T QD':vl(ila ) im: Un—l)(;o':(il, ) im: n):l (U,.)
4.9)

%

:2: Ezl...Z‘ll(Prln(il,...’im;vl)...

@:l—l(il’ AR Un—l)Un[lw[/N(n )(P':(il’ AR - 77)] (Un)'

From (4.4), it follows that for almost all v,,-- -, v,

EZ Z’(P](h, ." m 1)"'¢’:-l(l‘1"”7im:vn—l)‘

m=1 i1= im=1
(4.10) )
%G iz Dl Nl = ]l 2 No(F),
where || - ||l. means the essential supremum norm.

By using (4.10) we can prove that the last member of (4.9) also
converges in the L,-norm topology with respect to v, for almost every
U, 7, U By [13. 12.53. Example (iii)], both limits with the infinite
sum of the last member of (4.9) are equal to each other except on a null
set. Therefore we see that Qy(v,) is L,-integrable with respect to v, for
almost every vy, - -+, v,.,. Next we wish to prove that Oy (v,) converges
to a L,-integrable function Q(v,) in the L,-norm topology with respect to
v, as N — o for almost all v,, -+, v,,. From (4.4), it follows that

E Z 2 (Pl(lla SRR 1)"“P':—1(i1,"',im3Un~1)

m=1 i1= im=1

AU ()@ 2 i+ it ()
@11) ~ U@t i IC |

=g~ 0l S NF)—0 as N—o
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for almost all v, - - -, v,_,, where the infinite sum is taken in the L,-norm
topology. Hence we obtain from (4.11) that

Lim Qu(v.)
:ll.rgz .... QDT(ily""im:vl)”'

@it V) Un [ ()@ Gy -y )] (00)

(4.12)
22 2(‘,1(,],...”"_ D)
@it 0 U [Wr(m) @ (i, -+ o5 i )] (02)
=Q(v:)
for almost every v,,-- -, v,-,. Here the outer sum in the third member

converges in the L,-norm topology. Therefore we obtain the facts that
(4.8) is L,-integrable with respect to v, for almost every v,,- - -, v,-; and in
the sense of L,-equivalence

0 =U, (43 33 et riniv) -

m=1 n=1 im=1
° QD’:—I(I'I, Tt im: Un—l)<0':(i17 Y lm: 7’)] ( ) )

for almost every vy, - - -, U,_;.

Next we wish to prove that (4.7) is L,-integrable with respect to v,.;
for almost all v, -+, v,_,.

Let

From (4.12) and from the fact that Q is in L,, it follows that

Xs(8)0 (@) exp (— 2552 v, I

(4.13) =XN(u")exp(—b"A“[ )ZZ qul(zl, it 0))

m=1n im=1

o (P'r':*l(ih SRR A Un~1)Un[l/’(”l)<P':(i1, SR A "I)](Un)

is L,-integrable in v, for almost all v, - -, v,-;. Since the infinite sum of
the third member of (4.12) converges to Q(v,) in the L,-norm topology,
we have for almost all v, and for almost every v,, - -, U,_y,



584 KATSUO TAKANO

Xn(v,)Q(v,) exp <_ b —Atn—l o f“)

@) =3 2 D T it ) @ iyt D)

im=1

Kew)exp (=77 0 ) Ul in - in 1)) (0)

where the infinite sum of the right side is taken in the L,-norm
topology. With the right side of (4.14), from the Schwartz inequality
and (4.4), it follows that

EIZ le<p1(ll’ “’ me 1)"'40':1'—2(i1a"'7im1Un—z)’

lem (i in: )
[ exp (<255 1) U w e s I ) |

= N S No(Fa) <=,

From this fact and from [13. 10.83], it follows that for almost every
Uy, ", Uy, the infinite sum of the right side of (4.14) converges point-
wisely for almost all v,. Hence by [13. 12.53. Example (iii)], both limits
with the infinite sum of the right side of (4.14) are equal to each other
except on a null set. By the Dominated Convergence Theorem, we
have

(277)"”3fm exp (iv,-,0.) Xn(0,)Q (v,) exp ( ——b—a—t"*—’ [v, ]") dv,

—x

=£i_rg (277)“’2f exp (iv,-, 0, )Z Z 2 @7 (i, it Uy)

—x m=1 i= im=1

. . b—1t,_
.. (P’:—l(ll) RN 1, . vngl)XN(U")exp <_— /\ . U, ’a)

U, [ () (in, -, it m)](v,)dv,
(4.15)

—hmzz 2401(’1, R )

P
k— m=1 i1= im=1

. . b—t,._
@ (i, i 0, ) U, {XN(U,,)exp(— i ‘v, |">

UG )] ()
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*x n n
=2 Z ”'2 ¢T(i1,"'7im3U1)"‘€0':—1(i1"",im5Un—1)
m=1 n=1

m=1

Ut Xt exp (- 2552 0 ) U, men G s )
X (V1)

in the sense of the pointwise convergence with respect to v,-, for almost
every vy, - -+, U,-,. From (4.4), it follows that for almost all v, - - -, v,_,

Z 2 Z_l l‘Pl(lla i U) @ ol b Unvz)l
v"{XN(v,.)eXp<—b~/\t"~1 o 'a)

”‘P':vl(il; SR M )Hac
U, [w et i M)} () |2 3 NEDI L

By this fact, the last member of (4.15) also converges in the L,-norm
topology with respect to v,-, for almost all v,,- -, v,-,. From the fact
that both limits of the last member of (4.15) are equal to each other
except on a null set, by an argument similar to that used in obtaining
(4.12), we can see that for almost every v,, - * -, v,_,, (4.15) converges to

EZ Z‘Pl(ll’ “’M' )

m=1 n= tm=1

(416 Tty 0 U fexp (- 2552 0 )
U, [ m)en (i i M)} (800

in the L,-norm with respect to v,.,, where the infinite sum of (4.16) is
taken in the L,-norm topology with respect to v,-,. From the above
argument, it follows that (4.6) is L.-integrable in v,_, for almost every
vy, ", U,_, and

(46)"2 2 E T,y ) el i Un—1)

m=1 1= tm=1

'f~ pi(b - tn-l) vn - vn—l)d’(vn)qorr’:(ila Y im: Un)dvn

in the sense of the L,-equivalence. By repeating the above argument,
we can prove that

(F5"(FW)E) = 3 (F1 (D)),
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where the sum is taken in the L,-norm topology with respect to £&. By
using the fact that

(4.17) 2 |1F(F)l= 2 NiF,) <=,
m= m=1
we have that

N
hm F37(F)y = lim lim > F(F, )0
® m=1

lorfl— lof—0 N—

z

=lim lim Z F%°(F, )l/f—-ll E F(Fo )Y

N—w lof—0 <= =1
= Z Fi(En )¢
m=1
in the L,-norm. From (4.17), (4.2) follows.

COROLLARY 4.1. Let

F(x) = exp { f: 0(s, x(s))ds},

where 0(s, u) is bounded by M and measurable in [a,b] X R. Then for
AED

Fi(Fu =3 F5(F)b

where ¢ € L, and
Fo=([ o6 x(s))ds)”;

and where the sum is taken in the norm topology. Furthermore
IF5(F)| = eC ™.

Proof. By expanding F(x) into a series of the functionals in A, and
by applying Theorem 4.1 and Corollary 3.1, we obtain Corollary.

5. Integral equation. Let 6(f,u) be a Borel function on
[0, %] X R and bounded by M. For each t € (0, t,), let 6,(s, u) be defined
on [0,t] X R by 6,(s,u)=0(t —s,u). In what follows we shall consider
the functional
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F'(x)=exp {f 0.(s, x(s))ds}.
0
For convenience, let us put

Gt &)= (FF )W) (),
gn(t, 6, 1) = (F(Fr)¥)(£),

where
F;,(x)={f0’ 0,(s,x(s))ds}m, m=0.1,--

THEOREM 5.1.  G(t & ) satisfies the integral equation

G(x,§,A)=f: pi(tu—&)(u)du
(5.1)

+ (B)f [j ps(t—s,u —&)0(s,u)G(s, u, A)du] ds
0 —%
where t,=Zt >0, A €D and ¢ € L,.
Proof. Let A €D and ¢ € L,. From Corollary 4.1, we have

GLeEN =2 gl &)

where the sum is taken in the L,-norm topology.
At first we will prove that

S g &= [ ptlu=Ewudu
(5.2)

S @ [ as| [ pre—su- 0015w A )du]

where both sums are taken in the L,-norm topology. In order to prove
this, since

8660 = [ pi(hu - wdn

it suffices to prove that
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(53) gua(t&EAX)= (B)L‘ ds [f:c ps(t—s,u—&)0(s, u)g.(s, u, )\)du].

We prove that the integrand of (5.3) is Bochner integ rable with respect to
the variable s over [0,¢]. By [5. Theorem 3.7.12 and the remark
following], it holds that

Y(s, €)= f: pi(t—s,u—&)0(s, u)gn(s, u,A)du

=(B) (m)f ds, - - ds, {f_i pi(t—s,u—&)0(s,u)du

Sm(0,s5)

'f‘ pa(sy, uy— u)b(sy, u)du, - - f PA(Sm = Sty U — Uy )

: Bs(sma Um )dumJ‘oo p:(s - sma um+1 - um )d/(um+1)dum+]}

for almost all s € [0, t] and hence by using [5. Theorem 3.7.6], we obtain
for almost all s € [0, ¢],

N
@ [Y)I=M L),

Furthermore it is necessary to show that Y is strongly measurable in
s. To show this, it is sufficient to show that Y is weakly measurable in s
since L, is separable. Let ¢ be in L,. By a change of variables, we
have

meys) (m)f ds, - - - ds, {J’w 5({)“; ps(t—s,u—£)0(s, u)du

—x

f_i pi(s, uy—u)b,(sy, u)du, - - J: D3 (Sm = Sm—t, U — Up—1)
* 0, (Sm, Uy, )du,, f:c Da(S = Sy Ups1 — u,,,)w(umﬂ)dumﬂ] d§}
(5.4) ] ]
- fwm) on) [ dr.- - d.. {| «® [ par - ©)0(r, w)d

—oc

. J: p:(TZ—_ T, ul - u)01(729 ul)dul Ut f p?\l('rmﬁ-l — Tm um - um—l)

. ot(Tm-H, um )dumJ’_ pt)’\l(t - Tm+19 um+1 - um)lll(um+l)dum+l] d‘f}
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where let t—s=17, $=7T,— T, $2=T3— Ty, """y Sw = Tms1 — T1. The in-
tegrand with the variables 7, 7, - -, 7,,,; of the right side of (5.4) is
measurable in (7, -, 7nx1) on S,.,(0,¢) as shown in the proof of
Theorem 3.1 and integrable with respect to 7y, T, OVer
S.+1(0,t). Therefore by the Fubini Theorem, the right side of (5.4) is
measurable in 7,, hence we can say that

(b) Y(s, &) is strongly measurable in s.
From (a) and (b), it follows that
(c) Y(s, &) is Bochner integrable with respect to s over [0, t].

Therefore by [5. Theorem 3.7.12 and the remark following] and the
Fubini Theorem,

o

J'_m @ (&) {(B)fo[ ds U: pi(t—s,u —&)0(s, u)gn(s, u,A)du]} dé

- J: ds}: ® (&) [f:; pi(t—s,u—&)0(s, u)gn(s, u,/\)du] dé

:L‘ ds{Lm(O’s) (m)f ds, - - - ds,, [[; (p—(‘g’_) U: pi(t—su

—&)0(s, u)du
f P (s, uy— )6, (s, ur)du, - - -
fﬁi P5(S = Sy Upsy — um)l!/(um+1)dum+l] d§] }
- fsmﬂ(o.:) (m + l)f dry- - A, {J_: ®(é) [f_: pi(T,u
= §)0.(71, u)du

f: pi(ra— 7y, uy— u)6,(12, uy)du, - - -
P8O = T = ) )t | ]
~ [ ¢ @t e

From this fact, (5.3) follows. Therefore (5.2) is valid.
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From Corollary 4.1, Theorem 1.1 and from the boundedness of 6, we
obtain that

S s - s u—£)6(s u)gn (s, uA)du
m=0 J-

(5.5)
-»j‘w pi(t—s,u—£&)0(s,u)G(s,u,A)du

in the L,-norm topology as n — « for almost all s € [0, t]. Since the left
side of (5.5) is also Bochner integrable in s over [0, ¢] by (c), it follows
from (a) and [5. Theorem 3.7.9] that the right side of (5.5) is Bochner
integrable in s over [0,¢]. Furthermore, we have

’20 (B)fol dsJ: pi(t—s,u—£&)0(s,u)g.(s,u,A)du

= (B)fol ds [20 _: pi(t—s,u—&)0(s, u)gnm(s, u,A)du]

PR s u = £)0(5 w)ga(s 1 A)du |

= (B)Ll ds U: ps(t—s,u—£)0(s,u)G(s, u, /\)du],

where both infinite sums are to be taken in the sense of the norm
topology. By this fact, we see that G (¢, & A) is a solution of the integral
equation (5.1).
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